ABSTRACT. Distamycin A, netropsin and berenil are knownto cause undercondensation of heterochromatic regions of metaphase chromosomes. These ligands interfere with DNAcurvature by binding to the minor groove of the DNA.Whereas the effects of these ligands upon chromatin structure are well established, little is known about their possible interference with cell cycle progression. Weshow that the presence of these DNAligands causes protracted cell growth consisting of a prolongation of the Gl phase of the cell cycle along with arrest in the G2 compartment. Concomitant with these cell kinetic disturbances the DNAligands cause increased polyploidisation. These observations suggest that the DNA-minorgroove may play an important role in progression through the G2 phase and proper mitotic transit.
Being situated between the phase of chromatin duplication (S phase) and the stage of chromatid separation (mitosis) the G2 phase is regarded as the period during which chromatin packaging and folding occurs. This proposition can be tested by perturbing chromosome condensation and subsequent analysis of the cell cycle kinetics of treated cells. Minor groove binding DNA ligands such as berenil (Ber), netropsin (Net) and distamycin A (Dis) induce chromosome undercondensation when added to a cell culture (2, 24, 25) . Thus, these ligands mayserve as probes for chromatin packaging during the G2 phase of the cell cycle. To analyse the putative influence of these ligands on cell cycle traverse, we exposed human diploid fibroblasts to Net, Ber or Dis and analysed cell activation and cell cycle progression with a highly informative cell kinetic assay: bromodeoxyuridine/Hoechst flow cytometry (21 , 22) .
MATERIALS AND METHODS
Drugs. Netropsin and Distamycin A were obtained form Serva (Heidelberg, West Germany); berenil (diminazine aceturate) was from Sigma (St. Louis, MI) and DRB(5, 6-dichlorobenzimidazole-l-/?-D-ribofuranoside) was from Fluka (Buchs, Switzerland).
Cell culture. Amniotic fluid fibroblast like (AFFL) cells (3) were from a diagnostic mid-trimester pregnancy and were without detectable inherited metabolic deficiencies. Monolayers of AFFLcells were cultured in Eagle's Minimal Essential Medium (MEM) (Gibco, Grand Island, NY) supplemented with \0% of pretested and heat inactivated fetal bovine serum (FBS) (Flow Laboratories). Cultures were allowed to reach con fluency and rendered quiescent by exposure to 0.1% FBS during 48 hours. Subsequently, cells were trypsinized and resuspended in MEMsupplemented with 10% FBS and 65 juM of both bromodeoxyuridine (BrdU) and deoxycytidine (CdR) and varying concentrations of the agents to be analysed. They were plated into 80 cm2 cell culture flasks (Nunc, Intermed, Denmark) at a density of 2000 to 2500 cells per cm2. All experiments were carried out in incubators with sensor regulated CO2and oxygen supply (Heraeus, Hanau, F.R.G.). CO2was kept constant at 5%(vol/vol), and air was replaced by nitrogen to lower the oxygen concentration to 5% (vol/vol). At intervals from 24 to 96 hours after plating, cells were harvested by trypsinization and stored at -20°C in MEMsupplemented with 10% FBS and 10% dimethylsulfoxide. To avoid any exposure to light of short wavelengths all cell culture flasks were wrapped in aluminium foil and harvesting was under illumination with red light only. Cell staining and flow cytometry. After thawing, cell pellets were resuspended in staining buffer containing 1.2 jug Hoechst 33258 and 2.0jug ethidium bromide per ml of buffer (17, 21) . Flow cytometric analysis was performed with an epiilumination flow system of conventional design (ICP 22, Another striking difference between the untreated and the treated cytogram is the width of the G0/G1 cluster.
Apparently, the binding of the DNA ligands to the DNAaffects Hoechst interaction with the chromatin.
Net shows the least effect, while Ber exhibits the strongest disturbance of the cytogram. To elucidate whether all three DNAligands disturb cell activation and cell cycle progression in a similar way, analyses of the kind shown in figure 1 were performed with a concentration series of the drugs. The percentages of successive cell cycle compartments are added to finally obtain 100% of cells. This kind of representation can be easily interpreted: widening of the distance between two curves with increasing dose indicates accumulation of cells in that particular compartment. Conversely, a constant distance indicates no effect of the drug on cell number in the compartment under study.
All three DNAligands coincide in that they cause, at low doses, an accumulation of cells in the G2 phase of the first cell cycle. At higher doses, the number of cells retained in the G0/G1compartment increases as well. The extent of G2accumulation varies amongthe three DNAligands: Ber causes the strongest accumulation aiid Net the least. Retention of cells in G0/G1 follows the opposite pattern: Net provokes the strongest G0/G1 retention, while Ber induces the least. The dose effect profile obtained with the DNAtopoisomerase II inhibitor DRB follows a pattern distinct from that of the DNAligands. Cells are mainly retained in the G0/G1 compartmentanc( accumulate in the S phase of the first cell cyle with increasing doses of DRB.The extent of accumulation in the G2 phase is not at all influenced by DRB.
The cell kinetic mechanismunderlying the accumulation of cells in the G2phase of the first cell cycle can be studied by performing sequential analyses with BrdU/ Hoechst flow cytofnetry. In this way, the exit of cells from each cell cycle compartment is analysed and the minimal and mean duration of compartment transit can be computed for each cell cycle compartment (21, 26) . Figure 3 displays plots of this kind from which quantitative cell kinetic parameters can be computed (Table I, Concentration (ug/ml) 20 25 Fig. 2. Dose effect profiles for cultures exposed during 72 hours to a concentrations series of netropsin, distamycin A, berenil, or DRB. Increasing distance between two successive curves denotes accumulation of cells in a particular compartment, whereas a constant distance indicates no effect on this compartment. Note the relative increase in cells in the G2 compartment (between the second and third curve). ment (quiescence) appears linear on the logarithmic scale. This allows to extrapolate the curve to 100% cells, yielding an X-intercept which represents the minimal duration of cell activation. Similarly, the Xintercept between two successive curves gives the minimal duration of each subsequent compartment. Using these minimal durations and the slope of the curves, which depicts the transition probability (26) , the mean duration of each cell cycle compartment can be derived. Data are computed form the curves shownin Figure 3 by using the Smith-Martin model. The variations are standard deviations as obtained by least squares approximation of the curves to the data, which represent a single experiment. Data are computed form the curves shown in Figure 3 by using the Smith-Martin model. The variations are standard deviations as obtained by least squares approximation of the curves to the data, which represent a single experiment. tern in all four cultures. The only difference regarding these parameters is an increase in the minimal and mean duration of the Gl phase of the second cycle (Gl') by all three DNAligands (Table I and 
II). Whereas Net and
Ber show a roughly similar prolongation of the minimal and mean duration of Gl', Dis provokes less prolongation of the minimal duration but moreprolongation of the mean duration of the Gl' compartment. This is due to a muchmore shallow exit from the Gl' compartment (the fourth curve in the Dis panel). The striking difference between the untreated culture and those exposed to the DNAligands is the fraction of cells irreversibly arrested in each cell cycle compartment (Table III) . The fraction of cells retained in the G0/G1 compartment (ie. those cells that do not respond to serum stimulation) is only slightly elevated with each of the DNAligands. Net induced the least diminished activation, whereas Ber provoked the strongest inhibition of cell activation. The S compartment is not affected by any of the DNAligands. However, the fraction of cells arrested in the G2 compartment is strongly elevated in cultures exposed to the DNAligands. Commensurate with the dose effect profiles (Figure 2 ), Ber and Dis most strongly arrest cells in G2, while Net induces only a mild G2 arrest. The fraction of cells arrested in Gl', finally, is mildly elevated in cells cultured with the DNA ligands. The three DNAligands clearly perturb G2 transit, which may reflect a difficulty in preparing mitosis.
Analysing cellular morphology we found upon treatment an elevated number of binuclear cells (Table IV) .
When binuclear cells enter mitosis, polyploid metaphases will ensue. The rate of polyploidisation is elevated upon exposure to the three DNAligands (Table   IV) . This polyploidisation is not due to chromatin endoreduplication as the numberof metaphases exhibiting this property is not elevated in treated cultures (Table  IV) . Regarding formation of binuclear cells and polyploid metaphases Ber caused the strongest effect, while To determine the fraction of binuclear cells, 1000 cells were analysed from each culture. *= Statistically significant different from control at P<0.001. ND=not determined.
Net was the least effective (Table IV) .
DISCUSSION
The mode of DNAbinding of minor-groove binding DNAligands has been studied with X ray crystallography (1, 8, 16), UV and CD spectroscopy (12, 23, 27, 32) , NMRspectroscopy (7, 15) and DNA footprinting (5, 9, 19, 20) . These reports coincide in that all three ligands exhibit non-intercalative binding to the minor groove of DNAcontaining stretches of AT base pairs (for review see: 13). Molecular effects of this modeof DNAbinding include shift of Z-DNA to the B conformation (32), rotation of nucleosome cores (ll), disturbance of DNAbinding to nuclear scaffold proteins and to histone HI (6), and interference with the catalytic activity of DNAtopoisomerase II (30). Each of these interferences can lead to potential disturbances of chromosomereplication and cell cycle progression. Our finding that the continuous presence of minorgroove binding DNAligands in fibroblast cultures provokes an arrest in the G2 phase of the cell cycle along with polyploidisation can be interpreted in various ways. Firstly, the binding of the ligands to the DNA may interfere with the activity of DNAtopoisomerase II (30). Since inhibition of cell cycling by an inhibitor of DNAtopoisomerase II (DRB) provokes a pattern distinct from that elicited by the DNAminor groove ligands, this possibility seems unlikely.
Secondly, the DNAligands may inhibit binding of chromatin and nuclear scaffold proteins. AT-rich sequences appear to be particularly important for binding of such proteins (4). As a consequence ATrich stretches of DNAin the chromatin may suffer difficulties in pro-per folding during mitosis and will appear in an undercondensed state in the metaphase chromosome.It can be envisaged that chromosomeswith undercondensed regions will show impaired mitotic transit. Either no metaphase plates will be formed or metaphases will be incompletely resolved during anaphase. In the first case the G2 phase of the cell cycle will be prolonged and cells enter S phase without prior separation of chromosomes. At the next metaphase stage such a cell will exhibit pairwise organisation of chromosomes, typical of endoreduplication. Elevated rates of endoreduplication concomitant with a prolongation of the G2 phase has been found earlier in fibrpblasts exposed to 5-azacytidine (18). Minor-groove binding DNA ligands, however, do not provoke a prolongation of the G2 compartment of the cell cycle (Table I and II) , nor is the number of endoreduplicated metaphases elevated (Table IV) .
This renders endoreduplication of chromosomes as mechanism of polyploidisation unlikely in cultures exposed to these DNAligands.
The observation of increased frequencies of binucleate cells in cultures exposed to the DNA-ligands (Table IV ) suggests yet another mechanism of polyploidisation. Such binucleate cells can arise as a consequence of defective cytokinesis, which may result from a functional impairment of the centriole apparatus. After synchronous cell cycle traverse of both nuclei within a commoncytoplasm, these cells will give rise to tetraploid metaphases. This mechanism is in agreement with the results reported here (Table IV) . It is tempting to speculate as to the type of gene action which may be impaired by the minor-groove binding DNA-ligands. Recently, the RAD9function of Saccharomyces cerevisiae has been shown to retard mitotic transit in yeast exposed to DNA-damaging x-rays (29). The RAD9function may act as a signal to block mitosis until the chromatin has reached a proper conformation.
Since the DNA-ligands tested here, interfere with chromatin conformation (2) one can envisage that the RAD9 function is activated in treated cell cultures.
Although no DNAdamage has as yet been detected in cells exposed to these DNA-ligands, this proposition may be subject of further study. Another function directly related to chromatin condensation is encoded by the BN2 gene (14). The 35 kDa protein encoded by this gene induces phosphorylation of histone HI and H3, which is a key event in the preparation for mitosis (14) . The effect of Dis upon Histone HI binding to DNA(6) renders the BN2function a prime target, and impaired G2 transit may ensue. Further research is needed to analyse a putative impairment of BN2func-tion by minor-groove binding DNA-ligands. The concentration of DNAligands required to provoke visible chromosome undercondensationis much higher (100 to 150jug per ml of culture medium) than that needed to induce polyploidisation (4 jug per ml) or G2 arrest (2/ug per ml). On the other hand, cells permanently arrested in the G2 phase will never appear as polyploid metaphases nor will they display undercondensed heterochromatin.
Thus, the cfll kinetic effects of the DNA ligands reported here represent the most sensitive indication of disturbed chromatin structure induced by minor-groove binding DNAligands. 
